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Nanosized  titanium  oxides  can  achieve  large  reversible  specific  capacity  (above  200mAhg_1 )  and  good 
rate  capabilities,  but  suffer  irreversible  capacity  losses  in  the  first  cycle.  Moreover,  due  to  the  intrinsic  safe 
operating  potential  (1.5  V),  the  use  of  titanium  oxide  requires  to  couple  it  with  high-potential  cathodes, 
such  as  lithium  nickel  manganese  spinel  (LNMO)  in  order  to  increase  the  energy  density  of  the  final 
cell.  However  the  use  of  the  4.7  V  vs.  Li+/Li°  LNMO  cathode  material  requires  to  tackle  the  continuous 
electrolyte  decomposition  upon  cycling.  Coupling  these  two  electrodes  to  make  a  lithium  ion  battery  is 
thus  highly  appealing  but  also  highly  difficult  because  the  cell  balancing  must  account  not  only  for  the 
charge  reversibly  exchanged  by  each  electrode  but  also  for  the  irreversible  charge  losses.  In  this  paper  a 
LNMO-nano  Ti02  Li-ion  cell  with  liquid  electrolyte  is  presented:  two  innovative  approaches  on  both  the 
cathode  and  the  anode  sides  were  developed  in  order  to  mitigate  the  electrolyte  decomposition  upon 
cycling.  In  particular  the  LNMO  surface  was  coated  with  ZnO  in  order  to  minimize  the  surface  reactivity, 
and  the  Ti02  nanoparticles  where  activated  by  incorporating  nano-lithium  in  the  electrode  formulation 
to  compensate  for  the  irreversible  capacity  loss  in  the  first  cycle.  With  these  strategies  we  were  able  to 
assemble  balanced  Li-ion  coin  cells  thus  avoiding  the  use  of  electrolyte  additives  and  more  hazardous 
and  expensive  ex-situ  SEI  preforming  chemical  or  electrochemical  procedures. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  are  currently  employed  as  power  sources 
for  mobile  phones,  laptops  and  other  portable  electronic  devices. 
This  market  is  rapidly  expanding  due  to  the  worldwide  demand. 
However  the  transition  to  new  challenging  application  fields  (such 
as  hybrid  and  electric  vehicles,  energy  storage  from  intermittent 
“green”  sources)  requires  to  venture  beyond  the  present  state  of 
the  art  by  increasing  the  battery  performances  and,  even  more 
important,  by  achieving  higher  safety  standards  [1,2].  Indeed  small 
scale  fires  involving  Li-ion  cells  in  portable  computers  have  already 
highlighted  the  need  for  a  comprehensive  understanding  and  mit¬ 
igation  of  the  hazard  factors  [3].  This  is  even  more  important  when 
power  and  energy  increase  by  orders  of  magnitude  in  order  to  run 
an  electric  vehicle  for  hundreds  of  kilometres  [4,5]. 

Current  lithium-ion  batteries  (LCO-C)  comprise  of  a  positive 
electrode,  typically  LiCo02,  a  negative  electrode,  typically  graphite, 
and  a  non-aqueous  organic  liquid  electrolyte.  In  order  to  enhance 
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performances  and  safety  possible  alternative  materials  have  been 
intensively  studied  over  the  past  15-20  years  [2,6,7]. 

In  the  standard  LCO-C  Li-ion  cell,  safety  concerns  are  mainly 
related  to  the  use  of  carbonaceous  anodes  and  carbonate-based 
electrolytes.  Lithium  is  inserted  into  graphite  (intercalation  pro¬ 
cess)  at  potentials  below  IV  vs.  Li+/Li.  At  such  low  potentials, 
reduction  of  the  electrolyte  occurs,  accompanied  by  the  formation 
of  a  passivation  film  on  the  graphite  surface.  This  effect  leads  to 
sacrificial  charge  consumption  and  dangerous  gas  evolution  in  the 
first  insertion  process.  Moreover  most  lithium  is  intercalated  into 
graphite  at  potentials  below  100  mV  vs.  Li+/Li°:  again,  at  such  very 
low  potentials,  Li  could  deposit  on  the  anode  surface  leading  to 
catastrophic  dendrite  growth  and  consequential  internal  short  cir¬ 
cuiting  of  the  cell.  To  circumvent  the  limitation  of  graphite-based 
anodes,  new  alternative  materials  have  been  proposed  and  system¬ 
atically  investigated  in  the  last  decade:  low-voltage  oxides  (e.g. 
titanium  oxide-based  anodes  Ti02  and  Li4Ti5012)  or  metal  alloys 
[6,7].  In  both  cases  “going  nano”  has  been  shown  to  play  a  critical 
role.  Titanium  oxide-based  anodes  have  a  double  advantage:  (a) 
their  working  potential  falls  within  the  thermodynamic  stability 
window  of  the  standard  organic  carbonate  electrolytes  (>0.8  V  vs. 
Li+/Li°);  (b)  they  can  be  easily  obtained  as  nanoparticulates  by  tun¬ 
ing  the  synthetic  conditions.  On  the  other  hand  their  high  operating 
potential  (1.5  V)  is  also  a  drawback  for  energy  density.  In  fact  this 
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high  working  potential  requires  to  couple  them  with  high-potential 
cathodes,  e.g.  manganese  spinel  oxides,  in  order  to  overcome  a 
simple  2  V  LFP-Ti02  configuration  [8,9],  thus  approaching  the  per¬ 
formances,  in  terms  of  energy  density,  of  a  standard  LiCo02-C  full 
cell. 

The  concept  of  a  3  V  Li-ion  cell  made  by  coupling  LiNio.5Mn1.5O4 
spinel  (LNMO)  and  Ti02-based  anodes,  has  been  already  proposed 
in  the  literature  in  combination  with  polymer  or  gel  electrolytes 
[8,10].  However  the  use  of  the  4.7  V  vs.  Li+/Li°  lithium  nickel 
manganese  spinel  cathode  material  in  combination  with  any 
lithium  electrolyte,  requires  to  address  the  concomitant  increase 
of  parasitic  reaction  upon  cycling.  In  fact,  up  to  present,  no  unques¬ 
tionable  solution  for  stable  liquid  electrolytes  above  4.2-4.5  vs. 
Li+/Li°  has  been  found  yet.  This  drawback  has  been  proven  to 
be  even  worse  when  shifting  from  a  lithium  cell  configuration 
to  a  complete  Li-ion  cell.  In  particular,  considering  a  complete 
LNMO/EC:EMC:LiPF6/Graphite  cell,  Lee  at  al.  [1 1  ]  demonstrated  the 
need  for  tailored  electrolyte  additives  in  order  to  avoid  a  rapid 
fade  in  the  reversibly  cycled  capacity  and  stabilize  the  SEI  (solid 
electrolyte  interphase)  upon  cycling.  More  important,  recently, 
Dedryvere  et  al.  [12]  showed  that  also  the  “SEI-free”  Li4Ti50i2 
anode,  in  combination  with  LNMO  in  a  liquid  electrolyte,  suffers 
the  formation  of  a  composite  passivation  film  of  its  surface,  due  to 
the  deposition  of  large  amount  of  organic  and  inorganic  species  at 
the  interface.  Therefore  practical  strategies  to  passivate  the  LNMO 
surface  are  required  for  a  successful  implementation  in  complete 
Li-ion  cells.  Coatings  have  been  proposed  in  the  literature  and 
proven  to  increase  the  coulombic  efficiency  of  LNMO  upon  cycling 
[13].  In  particular  oxides  precipitated  on  the  surface  of  LNMO  act  as 
HF  traps  and  reduce  the  Mn  dissolution  in  the  electrolyte  [13,14]. 

Turning  back  on  the  anode  side,  in  the  literature  the  substitu¬ 
tion  of  the  lithium  titanate  spinel  with  nano-Ti02  materials  was 
proposed  as  the  latter  can  supply  a  much  larger  theoretical  capac¬ 
ity  (i.e.  335  vs.  175  mAh  g-1  or  Ti02  and  Li4Ti50i2,  respectively) 
[15].  However  the  adoption  of  nanomaterials  requires  to  address 
the  additional  problem  of  the  enhanced  reactivity  with  the  elec¬ 
trolyte  and  especially  the  consequent  larger  irreversible  capacity 
in  the  first  lithium  insertion  [16].  Typically  for  graphite,  surface 
pre-treatments,  e.g.  chemical  or  electrochemical  SEI  performing, 
coatings,  fluorination  or  lithium  pre-loading  are  used  to  mitigate 
or  compensate  the  charge  loss  [17,18].  These  strategies  are  to  be 
preferred  to  the  simple  increase  of  the  active  mass  of  the  positive 
electrode  in  the  assembling  of  balanced  Li-ion  cell.  In  fact  the  latter 
has  a  much  larger  impact  on  the  total  mass  of  the  cell  and  on  the 
specific  energy. 

In  this  paper  a  LNMO-nano  Ti02  Li-ion  cell  with  liquid  elec¬ 
trolyte  is  presented:  two  innovative  approaches  on  both  the 
cathode-  and  the  anode  sides  were  developed  in  order  to  mitigate 
the  electrolyte  decomposition,  in  the  first  cycle  and  upon  cycling.  In 
particular  the  LNMO  surface  was  coated  with  ZnO  in  order  to  mini¬ 
mize  the  surface  reactivity  upon  cycling  [19-22].  On  the  anode  side 
the  charge  loss  in  the  first  cycle  suffered  by  the  Ti02  nanoparticles 
was  compensated  by  incorporating  nano-lithium  in  the  electrode 
formulation. 

2.  Experimental  details 

LNMO  was  synthesized  by  co-precipitation  from  an  aqueous 
solution  of  the  Mn(II),  Ni(II)  and  Li(I)  nitrates.  Stoichiometric 
amounts  of  the  precursors  nitrates  were  dissolved  in  few  millilitres 
of  water  and  the  solution  was  kept  at  50  °C  under  vigorous  stirring 
until  complete  H20  evaporation.  The  mixed  nitrate  was  then  trans¬ 
ferred  in  an  alumina  crucible  and  fired  in  air  at  800  °C  for  12  h.  The 
resulting  powder  was  hand  ground  and  newly  annealed  at  850  °C 
for  12  h  followed  by  controlled  cooling  to  room  temperature  at  1 
degree  per  minute. 


The  ZnO  coating  was  obtained  by  suspending  the  LNMO  pow¬ 
der  in  few  millilitres  of  water  by  vigorous  stirring.  A  stoichiometric 
amount  of  Zn(II)  acetate  (corresponding  to  a  final  ratio  of  1 .5  wt%  of 
ZnO)  was  added  to  the  aqueous  suspension  and  the  resulting  solu¬ 
tion  was  heated  and  kept  under  stirring  at  40-50  °C  for  few  hours, 
until  complete  H20  evaporation.  The  resulting  composite  powder 
was  annealed  in  air  at  500  °C  for  30  min  with  a  heating/cooling  rate 
of  1  degree  per  minute. 

The  Ti02  nanoparticulate  was  commercial  anatase  nanopar¬ 
ticles  AMT-100  (supplied  by  Tayca  Corp.,  Japan)  with  nominal 
crystallite  size  of  6  nm.  The  chemical  pre-activation  of  the  anode 
material  was  obtained  by  directly  incorporating  into  the  electrode 
mixture  nano-lithium  powders  (Lectro®  Max  Powder  100,  SLMP®, 
FMC  lithium)  in  fixed  ratios.  The  activated  Ti02  materials  were 
prepared  and  stored  in  an  argon-filled  MBraun  glovebox. 

The  materials  were  characterized  by  X-ray  diffraction  (XRD), 
scanning  electron  microscopy  (SEM)  and  transmission  electron 
microscopy  (TEM).  The  XRD  experiments  were  carried  out  using  a 
Rigaku  X-ray  Ultima+  diffractometer  equipped  with  a  CuKa  source 
and  a  graphite  monochromator  for  the  diffracted  beam.  The  pat¬ 
tern  was  collected  with  steps  of  0.02  every  9  s.  SEM  images  were 
obtained  by  an  Oxford  Instruments  LEO  1450VP.  The  TEM  images 
were  obtained  by  a  JEOL  JEM  2011  HR  TEM  instrument.  The  elec¬ 
trochemical  tests  were  carried  out  on  pelletized  electrodes.  The 
pellets  were  formed  by  pressing  the  composite  electrode  powder 
by  means  of  a  die  set  (1.3  mm  in  diameter)  at  6-8  tons.  The  elec¬ 
trode  formulation  were  for  the  cathode  80%  of  the  active  material 
(AM),  10%  of  poly-vinyl-difluoride  (PVdF  6020  Solvay  Solef)  and 
10%  of  SuperP  carbon  and  for  the  anode  75%  of  the  active  mate¬ 
rial  (AM),  10%  of  poly-vinyl-difluoride  (PVdF  Kynar)  and  15%  of 
SuperP  carbon.  The  electrochemical  response  of  the  active  mate¬ 
rials  was  tested  in  coin  cells  assembled  using  a  working  electrode 
prepared  as  described  above,  combined  with  a  lithium  counter  elec¬ 
trode.  The  used  electrolyte  was  a  1  M  LiPF6  solution  in  an  ethylene 
carbonate-dimethyl  carbonate  mixture  (LP30),  EC:DMC  1:1  (Merck 
Battery  Grade),  soaked  on  a  Whatman™  separator.  All  the  manip¬ 
ulations  and  the  cell  assemblages  were  carried  out  in  an  MBraun 
type  dry  box  with  moisture  and  oxygen  levels  below  1  ppm.  The  CG 
tests  were  carried  out  at  various  specific  currents,  normalized  for 
the  active  materials  weight  by  using  a  Maccor  Series  4000  Battery 
Test  System. 

3.  Results  and  discussion 

3.1.  Cathode  material 

The  pristine  and  the  ZnO  coated  LNMO  materials  show  identical 
XRD  patterns  (see  Fig.  1).  In  fact  at  these  small  ZnO  concentra¬ 
tion  and  rather  low  annealing  temperature  (500  °C),  diffraction  is 
unable  to  detect  the  precipitation  of  zinc  oxide,  as  already  pointed 
out  by  Sun  [19]  and  Arrebola  [22].  In  both  cases  also  the  expected 
contamination  due  to  traces  of  NiO  is  observed. 

The  electron  microscopy  study  of  the  two  materials  shows  well 
formed  sub-micrometric  particulates  (see  Fig.  2).  However  whereas 
the  SEM  analysis  does  not  highlight  any  difference  between  the  two 
samples,  the  TEM  micrographs  of  the  ZnO  coated  material  reveal  a 
rough  film  on  the  surface  of  the  LNMO  crystallites  with  a  thick¬ 
ness  of  few  nanometres.  This  experimental  evidence  confirms  that 
the  obtained  ZnO  precipitation  forms  a  coating  on  the  surface  of  the 
LNMO  sub-micrometric  particles  rather  than  clustering  in  nanopar¬ 
ticles  as  observed  by  Arrebola  [22].  It  is  likely  that  the  difference 
originates  from  the  milder  synthesis  conditions  adopted  in  this 
work,  similar  to  those  optimized  by  Sun  et  al.  [19-21]  (i.e.  very 
slow  precipitation  of  the  zinc  acetate  precursor  on  the  surface  of 
the  LNMO  particles,  shorter  annealing  time  with  moderate  heating 
and  cooling  rates). 


9794 


S.  Brutti  et  al.  /  Journal  of  Power  Sources  196(2011)  9792-9799 


10  20  30  40  50  60  70 

2  theta  /  degrees 


Fig.  1.  XRD  patterns  of  LNMO  and  LNMO  coated  with  ZnO  together  with  the  refer¬ 
ence  spectra  of  zinc  oxide  obtained  by  annealing  of  zinc  acetate  at  500  °C. 


The  two  synthesized  materials  show  comparable  performances 
in  galvanostatic  cycling,  as  shown  in  the  Fig.  3  at  room  tempera¬ 
ture.  The  coated  material  shows  increased  coulombic  efficiencies 
(for  cathodes  the  ratio  between  the  capacity  in  discharge  and  in 
charge)  upon  cycling  only  partially  balanced  by  minor  losses  in  the 
reversible  specific  capacity.  In  particular  the  coulombic  efficien¬ 
cies  of  the  coated  material  exceed  those  of  the  uncoated  material 
for  the  firsts  40  cycles  at  50mAg-1.  In  the  following  cycles  the 
coulombic  efficiencies  for  both  materials  are  identical  within  the 


errors.  Moreover  the  irreversible  capacity  loss  in  the  first  Li  de¬ 
insertion/insertion  of  the  pristine  LNMO  is  about  35  mAh g-1  at 
50mAg-1:  this  loss  is  reduced  of  about  30%  in  the  case  of  the 
ZnO  coated  material.  The  voltage  profiles  of  the  uncoated  and 
coated  materials  are  very  similar  with  a  slight  increase  in  the 
potential  hysteresis  between  charge  and  discharge  for  the  coated 
material. 

A  further  analysis  of  the  performances  of  the  two  materials 
cycled  at  various  current  rates  are  presented  in  Fig.  4.  As  already 
observed  by  Arrebola  et  al.  [22],  the  specific  capacities  supplied 
in  the  first  charge  by  the  uncoated  materials  are  larger  compared 
to  the  coated  material  in  the  entire  current  range  explored.  In 
particular  for  currents  smaller  that  lOOrnAg-1  the  first  charge 
capacities  of  the  uncoated  LNMO  exceeded  the  theoretical  value 
(146.5  mAh  g-1).  On  the  contrary  in  the  case  of  the  ZnO  coated 
material,  the  latter  limit  is  exceeded  only  for  galvanostatic  charges 
at  1 0  mA  g-1  (=C/1 5).  In  all  cases  the  coulombic  efficiency  in  the  first 
cycle  of  the  coated  material  is  larger  compared  with  the  uncoated 
LNMO  at  any  rates.  The  two  sets  of  data  converge  at  low  currents 
where  an  increasing  amount  of  charge  is  loss  also  on  the  coated 
material. 

Besides  the  reduction  of  the  capacity  loss  in  the  first  cycle  and 
the  increase  of  the  coulombic  efficiencies  in  the  first  40  cycles,  the 
capacity  retention  upon  cycling  is  also  improved  for  the  coated 
material.  In  fact,  for  all  currents  rates,  the  capacity  retention  after 
10  cycles  is  larger  for  the  coated  material  compared  with  the 
uncoated. 

In  summary  the  reported  results  confirm  that  at  such  high 
operating  voltage  vs.  Li+/Li°  the  electrolyte  easily  undergoes  to 
parasitic  oxidations  that  negatively  reflects  on  the  performances 


Fig.  2.  Electron  micrographs  of  LNMO  and  LNMO  coated  with  ZnO. 
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Fig.  3.  Galvanostatic  cycling  of  the  pristine  and  the  ZnO  coated  LNMO  materials  at 
room  temperature  (full  symbol,  charge;  hollow  symbol,  discharge). 


of  the  LNMO  material.  The  passivation  of  the  active  material  by 
a  ZnO  coating  partially  reduces  these  drawbacks  but  at  expenses 
of  a  slight  decrease  in  the  cycled  capacity.  Briefly  the  advantages 
obtained  by  coating  the  LNMO  surface  by  ZnO  are: 

1)  A  reduced  irreversible  capacity  loss  in  the  first  lithium  de¬ 
insertion/insertion  cycle; 

2)  Larger  coulombic  efficiencies  upon  cycling; 

3)  Improved  capacity  retention  upon  cycling. 

However,  these  improvements  are  partially  balanced  by  the 
increase  in  the  mean  voltage  hysteresis  between  the  charge  and 
discharge  plateaus.  Indeed  the  sum  of  the  over-potentials  in  charge 
and  discharge  in  the  galvanostatic  voltage  profiles  rise  from  30  mV 


to  70  mV  at  lOmAg-1  and  130  mV  to  280  mV  at  150  mA g-1  for  the 
uncoated  and  coated  LNMO,  respectively.  This  larger  voltage  hys¬ 
teresis  necessarily  results  in  a  smaller  overall  energetic  efficiency 
of  the  material  and  requires  to  be  taken  into  account. 

3.2.  Anode  material 

The  Ti02  anode  material  is  formed  by  anatase  nanoparticles. 
The  corresponding  XRD  diffractogram  and  transmission  electron 
micrograph  are  presented  in  the  Fig.  5.  The  sample  is  consti¬ 
tuted  by  pure  anatase  nanocrystals.  The  nominal  particle  size  of 
the  crystallites  was  6  nm.  The  analysis  of  the  XRD  pattern  by  the 
Debye-Scherrer  equation  suggested  a  slightly  larger  particle  size 
(10  ±2)  whereas  the  TEM  images  suggest  a  wider  interval  for  the 
particle  size  that  ranges  between  4  and  1 1  nm. 

The  cycling  of  the  anatase  nanoparticles  in  a  lithium  cell  is  pre¬ 
sented  in  Fig.  6.  The  material  shows  a  lithium  loading  in  the  first 
cycle  that  exceeds  0.87  Li  atoms  per  Ti02  formula  unit.  This  value 
is  much  larger  than  the  thermodynamic  limit  for  the  lithiation 
of  tetragonal  bulk  anatase,  being  the  stoichiometry  of  the  lithi- 
ated  orthorhombic  phase  Li0.5TiO2.  However  it  has  been  proven 
that  nanosized  anatase  particles  allow  to  store  more  lithium  into 
the  structure,  by  forming  the  lithium-rich  LiTi02  tetragonal  phase 
[23]. 

The  coulombic  efficiency  in  the  first  cycle  (for  anodes  it  is 
the  ratio  between  the  capacities  in  charge  and  discharge)  is 
rather  small:  only  79%  of  the  charge  is  reversibly  exchanged.  This 
behaviour  is  not  uncommon  for  nanomaterials  and  it  has  been 
already  discussed  in  the  literature  for  anatase  nanoparticles  by 
Wagemaker  et  al.  [16].  In  the  subsequent  cycles  the  coulombic 
efficiency  increases  and  it  reaches  99%  at  cycle  14. 

In  order  to  mitigate  the  irreversible  capacity  loss  in  the  first  and 
in  the  subsequent  cycles,  lithium  nanopowders  were  incorporated 
in  the  electrode  formulation.  The  coulombic  efficiencies  and  the 
cycling  performances  are  presented  in  Fig.  7  for  the  three  com¬ 
posite  anode  materials  containing  different  amount  of  lithium,  in 
comparison  with  the  standard  electrodes  formulation. 

The  incorporation  of  lithium  in  the  electrode  formulation  greatly 
enhances  the  reversibility  of  the  electrochemical  intercalation/de¬ 
intercalation.  The  coulombic  efficiencies  in  the  first  cycle  increase 
from  79%  of  the  pristine  material  to  89%,  1 00%  and  117%  for  the  elec¬ 
trode  incorporating  1,  2  and  3  wt%  of  nano-lithium,  respectively. 

In  order  to  discuss  in  more  detail  the  effect  of  the  incorporation 
of  nano-lithium  in  the  electrode  formulation,  the  nominal  com¬ 
position  of  the  electrodes  were  calculated  at  the  end  of  the  first 
discharge/charge  and  summarized  in  Table  1.  Although  the  1st  dis¬ 
charge  Li  loadings  decrease  with  the  increase  of  the  nano-lithium 
content  in  the  pristine  materials,  the  overall  compositions  at  the 
end  of  discharge,  also  including  the  lithium  pre-loading,  show  an 
increasing  trend.  On  the  contrary  the  overall  amount  of  lithium 
de-insertion  upon  charge  is  constant  for  all  materials  and  it  is  there¬ 
fore  not  dependent  neither  on  the  amount  of  nano-lithium  in  the 
pristine  electrodes,  nor  on  the  amount  of  electrochemical  lithium 
insertion  upon  discharge.  In  fact  the  specific  capacity  supplied  in 
the  first  charge  is  about  230  mAh  g-1  at  lOOmAg-1  for  all  the  four 
electrode  formulations.  This  result  suggests  that  this  6  nm  anatase 
nanomaterial  is  capable  to  reversibly  exchange  only  0.7  lithium 
equivalent  per  Ti02  formula  unit.  As  a  consequence  the  nominal 
amount  of  lithium  kept  in  the  electrode  at  the  end  of  the  first 
cycle  is  larger  for  materials  with  larger  amount  of  nano-lithium 
pre-loading.  Although  a  detailed  study  of  the  nature  of  the  irre¬ 
versible  capacity  in  the  anatase  nanoparticles  is  beyond  the  scope 
of  this  paper,  it  is  important  to  recall  that  irreversible  charge  losses 
in  lithium  cells  can  be  due  to  either  lithium  trapping  within  the 
hosting  crystal  lattice  of  the  active  material,  or  surface  reactivity 
with  the  electrolyte.  The  latter,  in  particular,  can  be  initiated  by 
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Fig.  4.  Comparison  of  the  performances  in  galvanostatic  tests  at  various  current  rates  for  the  coated  and  uncoated  materials  at  room  temperature:  (a)  specific  capacities  in 
the  first  charge/Li  de-insertion;  (b)  coulombic  efficiency  in  the  first  cycle  (i.e.  ratio  between  the  specific  capacity  supplied  in  the  charge  and  discharge  steps  in  the  first  cycle); 
(c)  capacity  retention  at  cycle  10  (i.e.  ratio  between  the  specific  capacity  supplied  in  charge  at  cycle  10);  (d)  voltage  hysteresis  in  the  first  cycle  (i.e.  mean  difference  in  the 
voltage  plateau  for  the  charge  and  discharge  steps  in  the  first  cycle). 


the  unavoidable  OH  groups  and  adsorbed  water  on  the  surface  of 
Ti02  nanostructures  [16].  Indeed  water  traces  are  known  to  spon¬ 
taneously  react  with  the  electrolyte  components  resulting  in  LiF 
and  complex  phosphate  species  precipitation  and  HF  formation, 
thus  opening  the  door  to  further  degradation  of  the  electrolyte  on 
reduction  [25,26].  In  the  present  study  about  Ti02  pre-lithiation  in 
two  out  of  four  cases  the  nominal  amount  of  lithium  incorporated 
in  the  electrode  at  the  end  of  discharge  overcomes  1  lithium  atom 


per  Ti02  formula  unit  (see  Table  1 ).  It  is  straightforward  that  not  all 
the  specific  capacity  can  be  due  to  the  Ti(IV)/Ti(III)  redox  couple.  It  is 
likely  that  part  of  the  charge  is  dissipated  in  parasitic  reactions  due 
to  electrolyte  decomposition.  Unfortunately  the  present  data  does 
not  allow  further  speculations  and  in  particular  the  decoupling  of 
the  two  possible  origins  of  the  irreversible  capacity  (lithium  trap¬ 
ping  vs.  electrolyte  decomposition).  Further  work  is  in  progress  in 
our  laboratory  to  tackle  this  intriguing  phenomenon. 


Fig.  5.  XRD  and  transmission  electrode  microscopy  of  the  anatase  nanoparticles. 
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Fig.  6.  Galvanostatic  cycling  of  the  anatase  nanoparticles  at  room  temperature  (full  symbol,  discharge;  hollow  symbol,  charge). 


Table  1 

Evaluation  of  the  nominal  composition  of  the  anatase  electrodes  pre-activated  by  incorporating  different  amounts  of  nano-lithium  (the  binder/carbon  electrode  components 
are  not  considered  in  this  evaluation  as  their  amounts  have  been  kept  constant;  dsch.,  discharge;  ch.,  charge). 


Nano-lithium 

(wt%) 

Nominal  pristine 
composition 

Nominal  1st 
dsch.  Li 
insertion 

Nominal 

composition  at  the 
end  of  1st  dsch. 

Nominal  1st  ch.  Li 
de-insertion 

Nominal  composition 
at  the  end  of  the  1st 
cycle 

Coulombic 

efficiency 

0 

Ti02 

0.87 

Lio.87Ti02 

0.68 

Lio.i9Ti02 

0.79 

1 

Lio.isTiC^ 

0.77 

Lio.95Ti02 

0.69 

Lio.26Ti02 

0.89 

2 

Lio.36Ti02 

0.69 

Lii.05TiO2 

0.69 

Lio.36Ti02 

1.00 

3 

Lio.54Ti02 

0.59 

Lii.i3Ti02 

0.68 

Lio.45TiC)2 

1.17 

Besides  the  improvement  in  the  first  intercalation/de¬ 
intercalation  also  the  further  irreversible  losses  suffered  in 
the  first  tenth  of  cycles  are  greatly  decreased.  All  the  three  mate¬ 
rials  containing  lithium  in  the  electrode  formulation  reach  a  99% 
coulombic  efficiency  at  cycle  5.  Furthermore  the  incorporation  of 
lithium  does  not  have  negative  impact  on  the  reversibly  cycled 
capacity  or  the  capacity  retention  upon  cycling.  All  the  three 
materials  containing  lithium  are  capable  to  reversibly  cycle  in 
lithium  cells  with  performances  comparable  with  those  of  the 
pristine  anatase  nanoparticles.  The  material  containing  2wt%  of 
nano-lithium  appears  to  be  the  most  suitable  for  application  in 
complete  lithium  ion  cells  as  its  coulombic  efficiency  in  the  first 
cycle  approach  100%. 

The  voltage  profile  of  this  composite  electrode  is  presented  in 
Fig.  8  in  comparison  with  the  pristine  electrode.  The  open  circuit 
voltage  of  the  2%  Li  composite  material  is  lower,  i.e.  1 .8-1 .75  V,  than 


the  standard  material,  i.e.  2.9-3.0  V.  This  is  probably  due  to  an  in  situ 
pre-lithiation  that  occurs  when  the  electrolyte  wets  the  electrode 
surface.  During  discharge  the  lithium  loading  curve  of  the  com¬ 
posite  material  starts  immediately  with  the  typical  voltage  plateau 
due  to  the  tetragonal/orthorhombic  two-phase  transformation  in 
anatase  lithiation  [24]  without  showing  any  continuous  potential 
change  like  the  pristine  material. 

Besides  the  absence  of  the  first  potential  slope  from  OCV  to 
the  plateau  at  1.7  V,  the  voltage  profile  of  the  composite  mate¬ 
rial  shows  only  few  minor  changes  compared  with  the  pristine 
material:  (a)  a  slight  shortening  of  the  voltage  plateau  at  1.75  V  in 
both  discharge/charge,  (b)  a  smoothening  of  the  long  discharge  tail 
between  1.7  and  1 V  and  (c)  a  slight  increase  of  the  over-potentials 
between  discharge  and  charge.  In  summary,  the  incorporation  of 
lithium  into  the  electrode  formulation  mainly  affects  the  high  volt¬ 
age  part  of  the  discharge  curve.  In  this  high  voltage  slope  from 


wt.  %  nano-lithium  in  the  electrode  formulation 


Fig.  7.  Coulombic  efficiency  and  capacity  retention  of  the  anatase  nanoaprticles  electrodes  containing  different  amount  of  nano-Li  additive. 
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Fig.  8.  Voltage  profiles  of  the  galvanostatic  cycling  at  100  mAg-1  of  the  anatase  nanopowders  wit  and  without  lithium  additive  in  the  electrode  formulation. 


the  OCV  to  the  plateau  at  1.7  V,  the  pristine  material  exchanges 
41  mAhg-1 :  this  specific  capacity  accounts  for  approximately  70% 
of  the  total  irreversible  capacity  loss  (i.e.  58  mAh  g-1)  in  the  first 
cycle. 


3.3.  The  Li-ion  cell 

The  rate  performances  of  a  complete  lithium-ion  cell  config¬ 
uration  made  by  coupling  the  implemented  cathode  and  anode 
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Fig.  9.  (a)  Specific  capacity  vs.  cycle  number,  (b)  voltage  profile,  (c)  specific  capacity  vs.  current  rate  and  (d)  energy  density  and  energetic  efficiency  of  the  complete  Li-ion 
cell  at  room  temperature  (full  symbol,  charge;  hollow  symbol,  discharge).  The  benchmark  performances  in  (a)  are  referred  to  a  lithium-ion  cell  assembled  with  the  LNMO 
and  nano-Ti02  materials  without  coating  and  2%  nano-lithium  incorporation,  respectively. 
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materials  with  a  LP30  liquid  electrolyte  are  presented  in  the  Fig.  9. 
This  is  the  first  ever  reported  complete  Li-on  cell  made  by  nano¬ 
sized  Ti02  anatase  particles  with  a  coated  LNMO  and  a  liquid 
electrolyte.  The  reported  cell  is  cathode  limited  as  it  contains  an 
excess  weight  of  the  anode  compared  to  the  cathode  active  mate¬ 
rial  (negative  to  positive  mass  ratio  N/P  =  1.5).  The  two  electrode 
active  materials  were  not  pre-activated  electrochemically  but  sim¬ 
ply  assembled  into  a  two  electrode  coin  cell  configuration  and 
cycled  at  C/3  (i.e.  50mAg-1)  in  respect  to  the  cathode  material 
weight.  The  corresponding  specific  current  is  0.375  mAcrrr2.  For 
the  sake  of  completeness  also  the  performances  in  the  same  gal- 
vanostatic  conditions  of  a  benchmark  cell  are  reported  in  Fig.  9. 
The  latter  has  been  assembled  by  using  the  uncoated  LNMO  mate¬ 
rial  and  the  nano-Ti02  without  lithium  pre-loading  with  the  same 
N/P  weight  ratio. 

The  coulombic  efficiency  in  the  first  cycle  is  80%  and  it  reaches 
95%  at  cycle  9.  The  charge  loss  in  the  first  cycle  can  be  attributed 
mainly  on  the  residual  irreversible  capacity  of  the  cathode  mate¬ 
rial  (see  Fig.  3).  The  capacity  retention  is  88%  and  75%  at  cycle  10 
and  50,  respectively.  The  mean  voltage  in  charge  is  2.93  V  and  in 
discharge  is  2.78  V.  The  energy  density  obtained  reaches  a  stable 
plateau  value  around  125  mWh  g-1  after  30  cycles.  The  correspond¬ 
ing  overall  energetic  efficiency  (i.e.  the  ratio  between  the  energy 
density  in  charge  and  discharge)  approaches  90%  after  cycle  9. 

It  is  expected  that  the  performances  of  this  cell  can  be  further 
enhanced  by  further  optimizing  the  negative  to  positive  electrode 
mass  ratio  and  by  using  electrolyte  additives  as  cathode  protect¬ 
ing  agents  (e.g.  silanes,  LiBOB)  or  LiPF6  stabilizers  (LiF,  weak  Lewis 
bases)  [27].  Furthermore  shifting  from  nanosized  anatase  par¬ 
ticles  to  nanostructured  particulates  (nanorods,  nanowires,  and 
nanotubes)  is  expected  to  lead  to  an  improvement  in  the  rate 
capabilities  and  in  the  capacity  retention.  This  work  is  in  progress 
in  our  laboratory  and  preliminary  results  confirm  the  potential 
improvements  that  can  be  achieved  by  shifting  from  nanoparticles 
to  nanostructures. 

4.  Conclusion 

In  this  paper  we  presented  an  innovative  formulation  for  a  com¬ 
plete  Li-ion  cell  by  coupling  a  nanosized  Ti02-based  anode  with  a 
ZnO  coated  LNMO  cathode  in  a  liquid  LP30  electrolyte. 

The  anode  and  cathode  materials  have  been  carefully  optimized 
in  order  to  mitigate  the  irreversible  capacity  loss  in  the  first  cycle  on 
the  anode  side,  and  the  parasitic  reactions  upon  cycling  on  the  cath¬ 
ode  side.  A  compact  and  continuous  ZnO  coating  was  precipitated 
on  the  surface  of  the  cathode  material,  whereas  the  formulation  of 
the  anode  electrode  was  optimized  by  adding  nano-lithium  powder 
as  pre-lithiating  agent. 

The  resulting  Li-ion  cell  combines  the  intrinsic  superior  safety 
and  inherent  overcharge  protection  of  Ti02  compared  to  graphite, 


with  mitigated  liquid  electrolyte  decomposition  on  the  cathode 
side  provided  by  the  ZnO  coating. 

In  summary  the  present  results  demonstrate  the  potential  of 
anatase  nanoparticles  and  the  coated  nickel  manganese  spinel  as  a 
valuable  combination  in  future  lithium-ion  batteries. 
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